We have modified the Bruggeman effective-medium theory ͑EMT͒ to study the microstructural dependence of the magneto-optical spectra in magnetic materials having the off-diagonal elements of the dielectric tensor. To verify the modified theory, optically thick ͑4-Å Co/9-Å Pt͒ 77 multilayers were prepared at various Ar sputtering gas pressures of 2, 10, and 30 mTorr. The modified effective-medium theory was confirmed to match well with the experimental values of the dielectric tensors of Co/Pt multilayers. We have also applied this modified EMT to a 20-Å-thick Co film having island structure and observed that this modified EMT exhibited a better match to the experimental data than any other existing theories. ͓S0163-1829͑97͒01109-0͔
I. INTRODUCTION
It is well known that magnetic properties of magnetic materials are sensitive to their microstructures, which depend on the methods and conditions of sample preparations. 1 Because of discontinuity, roughness, and inhomogeneity, optical properties of metallic thin films are much different from those of bulk metals. 2 Magneto-optical ͑MO͒ properties of metallic magnetic thin films therefore depend not only on their composition 3, 4 but also on the microstructure. [5] [6] [7] A few theories have been suggested to explain the dependence of MO spectra on the microstructure of a sample. 8, 11 Using boundary conditions of the electric field in a magnetized rotational ellipsoid and the effective-medium theory, Abe and Gomi 8 have obtained the dielectric tensor for a composite magnetic material. Based on the generalized effective medium-theory proposed by Stroud, 9 Hui and Stroud, 10 and Xia, Hui, and Stroud 11 derived the effective-medium tensor for a composite magnetic material. Abe used the MaxwellGarnett approximation valid only for limited concentrations, while Xia used the effective medium theory valid over the whole range of concentrations. However, any existing theories failed to quantitatively match the experimental results. [5] [6] [7] 12 In this paper, we have modified the effective-medium theory to explain the dependence of MO spectra on the microstructure. The Bruggeman 13 effective-medium theory ͑EMT͒ has been developed for optically isotropic materials having scalar dielectric constants. We have modified the EMT for magnetized rotational ellipsoid having off-diagonal elements of the dielectric tensor. Validity of the modified effective-medium theory ͑MEMT͒ has been tested in two different systems: optically thick Co/Pt multilayers and a 20-Å-thick Co film having island structure. Using the MEMT, the behavior of the diagonal and the off-diagonal elements of the dielectric tensor of these Co/Pt multilayers could be well explained with the change of volume fractions. Furthermore, our MEMT exhibited a better match to the experimental data of the 20-Å-thick Co film than any other existing theories.
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II. MODIFIED EFFECTIVE-MEDIUM THEORY
The Bruggeman effective-medium theory deals a heterogeneous medium, consisting of random cells of more than two kinds of materials, as a homogeneous effective medium having an effective dielectric tensor in a specified wavelength region. In other words, using electromagnetic radiation of much longer wavelength than the size of each composite, we cannot distinguish each composite embedded in the effective medium. In the effective-medium theory surface roughness, heterogeneous structure, or composites would be replaced by a suitable effective medium having an effective dielectric constant with a smooth surface parallel to a plane. 2 To modify the Bruggeman effective-medium theory for a dielectric tensor of a magnetic material having a cubic symmetry, the microstructure of a magnetic material would be modeled by magnetized rotational ellipsoids. As shown in Fig. 1 , the structure is composed of ellipsoids whose dielectric tensors are ⑀ A with probability f and ⑀ B with probability of 1Ϫ f . This ellipsoid is embedded in an effective medium whose dielectric tensor ⑀ eff can be determined by the effective-medium theory.
14 If a medium A is a magnetic material having a cubic symmetry with z-directional magnetization, the dielectric tensor ⑀ A of the medium A is given by
For a nonmagnetic medium B, the dielectric tensor ⑀ B is given as follows:
where ⑀ 0 is a dielectric constant of vacuum. Let the effective dielectric tensor ⑀ eff for an effective medium be expressed as follows:
͑2.3͒
If the medium A has no off-diagonal element of the dielectric tensor and an external electric field E ជ 0 is applied along the x direction, the induced polarization vector P ជ A of the medium A embedded in the effective medium ⑀ eff is given by 15, 16 
where the electric field inside the ellipsoid E ជ Ϫ can be expressed as
In Eq. ͑2.5͒, L is a depolarization tensor which depends only on the shape of the ellipsoid in the approximation. If we choose the principal axes as the axes of the ellipsoid, L has only the diagonal elements. Moreover, because of the shape dependence of L, L has the same value as the demagnetization factor which is an important magnetic parameter. It is not unresonable to assume that Eq. ͑2.5͒ is also valid for a magnetic medium having the off-diagonal elements of the dielectric tensor. Using Eqs. ͑2.4͒ and ͑2.5͒, the induced polarization P ជ A of a magnetic medium A can be expressed as
If the dielectric tensor of an ellipsoid is ⑀ B , expression for the induced polarization vector P ជ B is similar to that of P ជ A , except that ⑀ A is replaced by ⑀ B . Since the occupying probabilities, or volume fractions of the medium A and the medium B are f and 1Ϫ f , respectively, the total polarization of the medium is given by f P ជ A ϩ(1Ϫ f )P ជ B .
14 From the definition of the effective-medium theory, the total polarization of the effective medium must be zero. So, we can obtain the following relation:
This equation can be rearranged as follows:
where Ĩ is a 3ϫ3 unit tensor. By substituting L x ϭL y ϭL and L z ϭ1Ϫ2L in Eq. ͑2.8͒, we can obtain the following relation for the diagonal element ⑀ xx in ⑀ eff to the first-order approximation of ⑀ xy /⑀ xx :
.9͒ is a quadratic equation of ⑀ xx with the coefficients dependent on f , L, ⑀ xx , and ⑀ 0 . Equation ͑2.9͒ is similar to the expression given by the Bruggeman EMT or Xia, Hui, and Stroud's theory, 11 to the first-order approximation. Using the solution of ⑀ xx , we can obtain the offdiagonal element ⑀ xy of the effective dielectric tensor as follows:
͑2.10͒
It should be emphasized that Eq. ͑2.10͒ is different from the expressions given by Abe and Gomi 8 and Xia, Hui, and Stroud. 11 Abe derived a similar expression for the offdiagonal element, but he assumed that the induced electric field inside the magnetic ellipsoid E ជ Ϫ was proportional to the applied electric field with a proportional diagonal tensor. The diagonal tensor implies that the induced electric field has only x-direction component, when an electric field is applied along x-direction E ជ 0 , which is unreasonable for a magnetic medium.
While, Xia, Hui, and Stroud 11 used a tensor ⌫ defined by surface intergral as follows:
where SЈ is the surface of an ellipsoid, n ␤ Ј is a Cartesian ␤ component of a unit normal vector n Ј pointing outward from SЈ, and x ជ is a point located within the ellipsoid. 
͑2.13͒
While Xia assumed the tensor ⌫ was diagonal, i.e., ⌫ ␣␣ ϭϪL ␣␣ ⑀ ␣␣ , we assumed ⌫ would be related with L as follows:
͑2.14͒
Figures 2 and 3 show the spectra of the diagonal and off-diagonal elements of the dielectric tensor of Co/Pt multilayers depending on the volume fraction, using Eqs. ͑2.9͒ and ͑2.10͒ with the optical data of bulk hcp Co and fcc Pt, 17, 18 and the magneto-optical data of the ͑9.2-Å Co/17.4-Å Pt͒ 19 multilayer. 19 Here, (x-Å Co/y-Å Pt͒ n means that the sublayer thickness of Co is x, the sublayer thickness of Pt is y, and the number of repetition is n. Co/Pt multilayer is chosen as a magnetic medium A and void and/or air is chosen as a nonmagnetic medium B. To treat Co/Pt multilayer as a medium A, we used the diagonal element of the dielectric tensor adopting the method of Rytov 20 suitable for alternative layerd structure.
The volume fraction of Co/Pt multilayer is varied from 0.89 to 1 with an increment of 0.01, using a constant depolarization factor Lϭ0.9. Upon varying f , the real part of ⑀ xx , ⑀ xx Ј , is found to change drastically. We include the result calculated by Xia's theory for f ϭ0.9 with the same parameters in Fig. 3 . As shown in the figure there is a strong oscillation near 4 eV which is not observed experimentally as demonstrated in the next section. Furthermore, Xia's result cannot explain the trend of the low-energy region. It is interesting to notice that ⑀ xx Ј is positive for f Ͻ0.91, which is opposite in sign of that reported for bulk metals in visible region. It is also surprising to note that the imaginary part of ⑀ xy increased with decreasing f . MO effect is known to be proportional to the magnetization of a sample. Therefore, it is generally understood that MO effect is proportional to the volume fraction of the magnetic medium. However, Eq. ͑2.10͒ tells that the relation between ⑀ xy and f may not be simple, which will be seen in our experimental results discussed in the following section.
III. DISCUSSION
We have applied the present modified effective-medium theory to explain the experimental spectra of the dielectric tensors of two systems; Co/Pt multilayers and Co thin film. Optically thick ͑4-Å Co/9-Å Pt͒ 77 multilayers were prepared by dc-magnetron sputtering from 2-in.-diam. Co and Pt targets on glass substrates on a rotatable table. The dwelling time of the substrates spent above each target was controlled by a programmable timer interfaced to a stepping motor which drove the substrate table. Various Ar sputtering Ar gas pressures of 2, 10, and 30 mTorr were used in the sample preparation. Details of the sample preparation were described elsewhere. 21 Microstructures of the multilayers are expected to be modified with changing the sputtering gas pressure: more voids and distinct columnar structures are developed with increasing the sputtering pressure. 22 The MO Kerr rotation angle and the ellipticity of these samples were measured using a phase-modulation-type MO Kerr spectrometer adopting a photoelastic modulator, and the diagonal element of the dielectric tensor was measured using a rotating-analyzer-type ellipsometer in 1.5-5 eV photon energy region. The off-diagonal element of the dielectric tensor was obtained using the Kerr rotation angle, the ellipticity, and the diagonal element of the dielectric tensor. 4 The experimental results of the diagonal and off-diagonal elements of the dielectric tensor for the films prepared at various Ar gas pressures are shown in Figs. 4 and 5. Comparing these results with the theoretical results of Figs. 2 and 3 computed using the MEMT, we observe that the spectra of the samples prepared at 2 and 10 mTorr Ar gas pressures are similar to the spectra computed with f ϭ0.99 and f ϭ0.98, respectively. The spectra for f ϭ0.9 in Fig. 2 are nearly the same as those observed for the sample prepared at 30-mTorr Ar gas pressure. Therefore, we can infer that with increasing the Ar gas pressure the volume fraction f is decreasing, as expected. It can be noted that the spectra of ⑀ xx Ј and ⑀ xx Љ are found to be well matched with the theoretical predictions discussed in the previous section. Especially, the change of the sign of ⑀ xx Ј predicted in the previous section has been experimentally observed. The theoretical prediction about an increasing of ⑀ xy Љ has been also confirmed as seen in Fig. 5 . It should be mentioned that in our calculation we have ignored the effect of the oxide layer, and the possible error to the different sample preparation methods of reported data 19 and ours, the classical size effect which can occur in small crystalline structure whose size is smaller than the mean-free path of electron, the effect of the distribution of the particle size, 23 the interaction between the dipoles, and the mirror image of the dipoles. the present and Abe's theories, respectively, and the circles denote the experimental data. To change the dielectric tensor to the conductivity tensor, we have used the following relation:
In our calculation, we have used the experimental data of the 1000-Å-thick Co measured by Nakajima and Miyazaki. 6 Here, we have also ignored the classical size effect.
In Figs. 6 and 7, we have used f and L for the fitting parameters. Since the data used were taken from in situ measurements, we could ignore the effect of the oxide layer. If one wants to simultaneously fit the diagonal and off-diagonal elements of the dielectric tensor, one must choose the weighting parameter for the nonlinear fitting, because of the difference in the order of magnitude between the diagonal and the off-diagonal elements. However, there is no suitable weighting parameter having physical meaning. The fitting parameters f , L, and the merit function 2 are listed in Table  I .
The listed values of f and L are varied for each component. Considering the size distribution of the particles, 23 the effects of the mutual interaction of the dipoles, and the mirror image of the substrate, 24 the actual dependence of the diagonal and the off-diagonal conductivities on f and L might be changed. Especially, for the mirror image effect of the substrate and the dipole-dipole interaction, 24 the dependence of the off-diagonal element might be different from that of the diagonal element.
Using the properties of the depolarization factor, L x ϩL y ϩL z ϭ1, and assuming that the rotation axis of the ellipsoid to be the z axis, then L z ϭ1Ϫ2L, since L x ϭL y ϭL. It is surprising that the values of L in Table I are  larger than   1 2 , because L should be less than 1 2 . Marton 25 has pointed out that when one calculates the dielectric constant from the ellipsometric parameters of ⌬ and ⌿ for the rough surface, the surface has to be dealt with as an optically anisotropic medium. The optically anisotropic medium has different dielectric constants for the parallel component ⑀ ʈ and the perpendicular component ⑀ Ќ to the electric field. Therefore, using ⌬ and ⌿ one should calculate both ⑀ ʈ and ⑀ Ќ for the rough surface. So, the study of the effective medium theory for an optically anisotropic MO material might be required. Another origin for the abnormality of L could be due to the validity of Eq. ͑2.5͒ for a magnetic ellipsoid having the off-diagonal element of the dielectric tensor. In such a case, the fundamental definitions of the depolarization tensor and the tensor ⌫ need a more rigorous mathematical treatment as mentioned above.
IV. CONCLUSIONS
We have modified the Bruggeman effective-medium theory for magnetic materials having the off-diagonal elements of the dielectric tensor. To verify the validity of the modified theory, we have prepared a series of optically thick ͑4-Å Co/9-Å Pt͒ 77 multilayers at various Ar sputtering gas pressures of 2, 10, and 30 mTorr. Using the modified effective-medium theory, we could well explain the variations of optical and the magneto-optical spectra depending on the changing of the microstructures. We have also well fitted the experimental data for a 20-Å-thick Co film having island structure 5 than any other existing theories 6, 7 did.
However, the study of an optically anisotropic magnetic medium is required to explain the abnormality of L.
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